Charpy machines can be equipped with strikers having two different configurations, corresponding to an edge radius of 2 mm or 8 mm. Both striker types are covered by ASTM E23 and ISO 148-1. The effect of striker type on Charpy absorbed energy has been extensively investigated in the past, and clear evidence has been published showing that when using 8 mm strikers, absorbed energy (KV) tends to increase for specimens with KV ≥ 200 J. In this paper, we investigate how striking edge radius affects certified values and uncertainties for National Institute of Standards and Technology (NIST) low-energy and high-energy verification specimens. Test data from two low-energy and two high-energy Charpy lots, analyzed in a statistically rigorous manner, were somewhat contradictory and led to the decision to separately certify low-energy and high-energy lots for use with 2 mm and 8 mm strikers. This agrees with previous findings by other NIST researchers, who recommended individual certifications for the two strikers at all energy levels.
Introduction
The simplest mechanical test that can be conducted to characterize the fracture resistance of metallic materials at dynamic (impact) loading rates is the Charpy impact test. This test is generally conducted and evaluated in accordance with two international test standards, ASTM E23 [1] and ISO 148-1 [2] .
The two standards specify the dimensions of both the specimen and the parts of the machine that are in contact with the specimen during the test, namely, anvils, supports, and striker. The striker is the part of the swinging hammer that impacts the specimen on the side opposite to the notch (Fig. 1) .
There are two possible configurations of the Charpy striker 1 that differ with regard to radius of the striking edge: 2 mm and 8 mm (Fig. 2) . Both configurations are covered by ASTM E23 and ISO 148-1, 2 https://doi.org/10.6028/jres.123.016 although the former standard was only revised in 2016 to include the 2 mm striker. 2 Neither standard, however, prescribes specific materials or specific minimum properties (e.g., hardness) for the striker.
The influence of the striker configuration on Charpy absorbed energy (KV) values has been extensively studied in the literature, as the next section illustrates. All published investigations agree on the fact that the use of 8 mm strikers tends to increase Charpy energy absorption for specimens with an absorbed energy above a certain level. Most authors place that energy level around 200 J. Configuration of Charpy strikers with 8 mm (a) and 2 mm (b) radius of the striking edge (respectively called "8 mm striker" and "2 mm striker" in this paper). NOTE: "R" indicates a circle radius, originating from the point indicated by a "+" sign.
It is therefore expected that super-high-energy reference specimens, provided by National Institute of Standards and Technology (NIST) for the indirect verification of Charpy machines according to ASTM E23 and ISO 148-2 [3] , with energies between 175 J and 225 J, would produce statistically different certified absorbed energy values when tested with 2 mm or 8 mm strikers (with the latter providing the higher certified KV). The obvious reason for the higher energy absorption is the additional interactions between the ductile and heavily deformed specimen and the two relatively sharp corners at the intersections between the striking edge and the striker sides that are absent in a 2 mm striker (see Fig. 2 ; the mentioned corners have a radius of 0.25 mm). It is unlikely that a significant influence of striker configuration would be observed for NIST reference specimens at the low-energy (around 17 J) and the high-energy (around 100 J) levels, since several authors have claimed that below 150 J to 200 J, the effect of the striker radius is negligible.
In 2017, NIST started providing specimens for the indirect verification of machines equipped with 2 mm strikers, following the 2016 revision of ASTM E23. In this investigation, we tested four lots of NIST-certified specimens (two low-energy and two high-energy lots) on our three reference machines equipped with 2 mm and 8 mm strikers. The outcome of this investigation will guide the decision to separately certify low-energy and high-energy lots with 2 mm and 8 mm strikers in the future.
Influence of Striker Configuration in the Literature
The earliest reference we found on the influence of striker type on Charpy results was by Towers in 1983 [4] , who observed an influence of striker type at a level of 0.75 J/mm 2 (absorbed energy per unit ligament area), corresponding to an absolute value of KV = 60 J for a standard Charpy specimen having a ligament cross section of 80 mm 2 . He claimed that above this threshold, KV increases with the radius of the striking edge.
In 1990, Fink [5] reported the following best-fit correlation 3 between the two striker types in the range KV = 15 J to 190 J:
2 mm = 1.0420 8 mm + 0.5160 J.
(
During the same ASTM symposium in 1990, Naniwa et al. [6] raised the threshold to a considerably higher absorbed energy level (200 J), adding that no difference between strikers was observed in terms of shear fracture appearance, lateral expansion, and transition temperature below that level.
Several investigations on this same topic were presented during the ASTM Symposium on Pendulum Impact Machines, held in Montreal, Canada, in 1994:
(a) Ruth [7] , who used low-, high-, and super-high-energy NIST-certified specimens, stated that "the energy absorbed by the tests using the (…) 2 mm striker was considerably higher than the energy absorbed in tests using the (…) 8 mm striker at the 16 J level." The reported difference in terms of mean energy was 0.71 J, or 4.2 % of the average of KV 8 mm and KV 2 mm . The opposite was observed at the super-high-energy level, where KV 8 mm was higher than KV 2 mm by 9.8 J, or 5.0 %. At the highenergy level, the difference (KV 2 mm − KV 8 mm ) was 0.6 J, or 0.6 %. (b) Nanstad and Sokolov [8] also tested NIST specimens and reported "close agreement" at 16 J and 102 J, but also an 11 % lower absorbed energy for the 2 mm striker at the super-high-energy (217 J) level. (c) Siewert and Vigliotti [9] confirmed that differences are small (less than one standard deviation) up to 100 J, whereas larger deviations (about 10 J) are observed at 200 J. Interestingly, they claimed: "It is unlikely that a general relationship can be developed that will allow one machine to be certified for both strikers from a test with only one striker (except perhaps for low energies, where the difference is least)." In 2000, McCowan et al. [10] compared test results on reference specimens of various energy levels obtained by four international laboratories that certified Charpy verification specimens. Limited differences were found below approximately 200 J, while data above that threshold indicated a higher absorption energy for 8 mm strikers. The authors also concluded that "(…) since our results do not show a predictable relationship for the striker radius effect, (…) separate certifications for 2 and 8 mm tests are needed for verification specimens made from 4340 steel." Results from several interlaboratory studies were analyzed by one of the present authors in a study published in 2008, which also included Charpy instrumented data [11] . Once again, striker effect was found not to be significant (KV values in agreement within 1 %) below 200 J, where the following empirical correlation was established:
2 mm = 1.009 8 mm + 0.643 J.
Above 200 J, an exponential relationship was obtained:
with all energies in Joules.
Data and correlations obtained (fitting lines) from that study are shown in Fig. 3 . A significant contribution was offered by Heping et al., who published a study in 2011 [12] stating that, "If a specimen is broken into two parts, there is no significant difference between KV 2mm and KV 8mm . If a specimen is not broken into two parts, KV 8mm is significantly higher than KV 2mm ." Unlike any previous published study, the discriminating factor becomes whether the specimen completely fractures or not, rather than its absorbed energy level. The authors also observe that, "if a specimen is broken into two parts with an 8 mm striker but not with a 2 mm striker, then KV 2mm is normally higher than KV 8mm (…)."
Note that NIST-certified specimens typically fracture completely at low-and high-energy levels, while in most cases, super-high-energy specimens do not fully fracture.
Testing and Analysis of NIST Specimen Lots
Two low-energy (LL-157 and LL-162) and two high-energy (HH-107 and HH-168) lots were tested and analyzed for this study. For each lot, tests were conducted at ambient temperature (21 °C ± 1 °C) on the three ASTM E23 reference machines situated in Boulder, Colorado. Around 25 tests were performed on each machine, for a total of 72-75 tests per lot and striker type (2 mm and 8 mm). For each series of tests, the following summary statistics are presented in Table 1: • number of tests performed, n; • mean energy, ̅̅̅̅ ;
• standard deviation, s; • standard error, 5 SE; • minimum and maximum values of absorbed energy, KV;
• coefficient of variation, 6 CV. Several outliers were encountered when testing LL-157 and LL-162, because low-energy specimens, when tested at ambient temperature, have a tendency to remain close to the anvils and can sometimes jam between the machine and the swinging hammer, therefore leading to artificially high values of absorbed energy [13] . The occurrence of jamming was confirmed by the visual examination of the broken specimen halves. Moreover, Grubbs' statistical test [14] was performed on the individual data sets to confirm that those "dubious" results are indeed outliers, and they were subsequently excluded from further analyses. The number of outliers was higher when 8 mm strikers were used, which could be explained by the more limited clearance between striker, anvils, and specimen. The differences between mean absorbed energies for 2 mm and 8 mm strikers, along with associated error bars, are plotted in Fig. 4 . The error bars, corresponding to ± 2 • , were calculated from the standard errors SE for each striker type in Table 1 where is the standard uncertainty of the difference. In this work, we will not consider possible systematic sources of error. The plot indicates that the effect of striker type is not consistent among lots and test machines.
Next, we combined data for the three machines (assuming there are no differences among machines) and computed the expanded uncertainty of the mean absorbed energy for each lot and striker type,
where is the standard uncertainty of the mean, estimated by SE (ignoring possible systematic sources of error). The value of is from the t table [15] , where t = 2 ⁄ , −1 , corresponding to a two-sided, 95 % confidence interval. For example, if = 0.05 and = 75, then = 1.99. The expanded uncertainty is the half-width of a 95 % confidence interval for the mean absorbed energy. Another way of interpreting is the following: We are 95 % confident that the estimated mean does not differ from the true mean by more than . The calculated values of are given in Table 2 . They are all much smaller than the ASTM E23 requirements for verification testing (1.4 J at the low-energy level; 5 % of KV at the high-energy level). Next, we wanted to look at the effect of striker type while taking into account the effect of the different machines. The data collected for this study represent a randomized complete block design, in which blocks are machines, and the factor of interest is striker type. In general, blocks are nuisance factors that are not of primary interest. For this investigation, machine is a random factor because the three machines under test are considered a random sample from all possible Charpy machines, and striker type is a fixed factor because we are interested in comparing the factor levels.
A model that can be used to perform an analysis of variance (ANOVA) for each lot separately is:
where is the overall mean, and is the effect of the i th striker type ( = 1, 2). The random blocking factor, machine, is represented by ( = 1, 2, 3) , where the values are assumed to be (0, 2 ). 8 The term in the model is the random error associated with the k th measurement of energy for the i th striker type and the j th machine. The sample sizes can be slightly different for each combination of machine and striker type, so = 1, … , . The values are assumed to be (0, 2 ), so that all group variances are equal [16] .
To test this assumption, an F test for equality of variance between the two groups of striker types (2 mm and 8 mm) was performed for each lot and machine combination. Only one lot and machine combination (HH-168 using machine 1) violated the equality-of-variances assumption (p = 0.01), while all other tests were not significant at the 0.05 level. Thus, we assumed a different distribution for when we modeled the data for lot HH-168, to allow for different variances for each striker type. Specifically, the were assumed to be (0, 2 ).
An additional assumption for analyzing a randomized complete block design is that the main effects are additive (no interaction among machine and striker type is present). Interaction occurs when the response at one level of a factor depends on the level of another factor. Tukey's test for model additivity was performed for each lot, and none of the tests indicated significant non-additivity [17] . Table 3 displays the results of the ANOVA for each lot. The model for HH-168 allowed for different error variances for each striker type. The estimated effect is the average energy for the 2 mm striker minus the average energy for the 8 mm striker. 7 With respect to ̅̅̅̅ . After accounting for machine variability, the effect of striker type is significant ( = 0.05) for lots LL-157 and HH-107. The estimated striker effect is positive for these two lots; i.e., the average energy for the 2 mm striker is greater than that for the 8 mm striker. Only one lot, LL-162, has a negative striker effect, but the effect is not significant.
The ANOVA results are inconclusive: the influence of striker configuration is statistically significant for only one of the low-energy and one of the high-energy lots. This reinforces the recommendation already formulated in [9, 10] : NIST reference specimens should be separately certified for each striker type, even at the low-energy level.
To compare the effect of striker type, we also generated two-sample t tests for each lot and machine combination. A t test based on equal group variances was used for all cases except for lot HH-168 (machine 1), where a t test based on unequal variances was used. The difference between average energy for 2 mm and 8 mm strikers, the associated standard error of the difference, and the p-values for the appropriate t test are shown in Table 4 for each lot and machine combination.
Among the individual t tests, there are significant differences ( = 0.05) for LL-157 (all machines) and HH-107 (machine 2). The individual t tests confirm the ANOVA results for all lots. The large effect in Table 3 for lot HH-107 is mainly due to machine 2. In general, the 2 mm strikers produce higher energy values than the 8 mm strikers; only 4 of the 12 differences are negative, but none is significant. Among high-energy lots, differences for machines 1 and 3 are not significant. As a final step of the analyses, we compared the distributions of the data (shown in Figs. 5-8 ) in order to calculate the following distribution parameters for each lot and striker type:
• skewness (asymmetry of the probability distribution around the mean) • kurtosis (thickness or "heaviness" of the probability distribution along its tails) 10 ; • median (value separating the higher half from the lower half of the probability distribution); and • mean, ̅̅̅̅ . The values of the parameters for the verification lots tested are collected in Table 5 . It is interesting to note that, based on skewness, the probability distributions for the low-energy lots are skewed left (i.e., the tail of the distribution is longer on the left-hand side than on the right-hand side), while those for the high-energy lots are skewed right. Most of the distributions were found to be "light-tailed" (kurtosis < 3). Lots LL-157 (Fig. 5) and HH-107 (Fig. 7) display the largest discrepancies between distributions for the two striker types, and they confirm the results of the ANOVA. In Figs. 5-8, the coordinates of each symbol are the obtained value of absorbed energy (x-axis) and the corresponding probability that KV falls at or below this value (y-axis). 10 The kurtosis (https://www.itl.nist.gov/div898/handbook/eda/section3/eda35b.htm) for a normal distribution is 3. Values greater than 3 indicate a "heavy-tailed" distribution, and values smaller than 3 indicate a "light-tailed" distribution. 
Calculation of Certified Values and Associated Uncertainties
The certified reference value for absorbed energy, KV ref , is calculated for a NIST verification lot as the grand average of all test results obtained from the three reference machines. Customarily, two groups of 75 specimens are tested (25 on each reference machine), called pilot lot and production lot, respectively [18] . For the four lots considered in this investigation, KV ref for a specific striker type corresponds to the average of the three machines, i.e., the mean value in the last column of Table 5 .
For the establishment of standard uncertainties, we do not include uncertainties due to possible systematic effects, so that the standard errors for each machine and striker type are given by:
where j = 1 to 3, and s j and n j are the standard deviation and the number of tests for machine j, respectively. The standard uncertainty of the reference value for the lot is given by:
with P = 3. The expanded uncertainty, ref , is obtained by multiplying ref by a coverage factor k close to 2, the value of which is obtained from a t table for a specified level of confidence (95 %) and degree of freedom [19] :
For the four lots investigated, the calculated uncertainties are given in Table 6 . The degrees of freedom shown in Table 6 reflect the effective degrees of freedom computed using the Satterthwaite approximation [20] . The table also includes the sample size n SS , which corresponds to the number of specimens that need to be tested for the indirect verification to be statistically valid. The value of n SS is an indicator of lot quality, and it is used as a criterion to determine whether a lot is acceptable (n SS  5.0) or unacceptable (n SS > 5.0) [21] . In other words, n SS is the number of tests needed to be 99.7 % confident that the estimated mean does not deviate from the true mean by more than the lesser between 1.4 J and 5 % of KV ref . Table 6 confirms that, for all the examined lots, the variability is slightly higher when 8 mm strikers are used. 
Conclusions
This study investigated the influence of the striking edge radius (2 mm or 8 mm) of a Charpy machine on the certification of NIST verification specimen lots at the low-and high-energy levels.
In agreement with the available literature, no clear effect of striker type was observed up to approximately 100 J. In particular, the results we obtained from four verification lots (two low-energy and two high-energy) were somewhat contradictory, in that for two lots (one of each type), no statistically significant differences were found between results obtained with 2 mm and 8 mm strikers, whereas the opposite (i.e., significant influence of striker configuration) was observed for the other two lots. A slight tendency of increased variability for 8 mm strikers was detected; however, it was not large enough to affect the "acceptability" (in terms of sample size) of the lot.
In conclusion, we concur with other NIST researchers [9, 10] that all Charpy verification lots should be separately certified with 2 mm and 8 mm strikers, irrespective of their energy level.
